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A B S T R A C T
Gearbox failure is one of the highest risk events in wind turbines. In most of the wind
turbines, planetary gearboxes are preferred over conventional gearboxes due to their
signiﬁcant advantages. But condition monitoring of planetary gearboxes present a huge
challenge to the vibration analysts due to complex design and construction of its unit,
vibration transducer type and locations, wide frequency range of the vibrations, resolution
required to separate frequencies and dynamic range required to observe both low
frequency and high frequency components in the spectrum.
Due to strong Gear Mesh Frequency (GMF) signals, gear defect vibration characteristics
can often be suppressed in the overall vibration signal. So there is a need to develop or
utilize various special signal processing techniques in order to identify and monitor the
progression of defects in gears more effectively.
This paper focuses on one such technique namely Sideband Energy Ratio (SER) for
monitoring of gear defect progression in wind turbine gearboxes. Theory behind SER is and
its signiﬁcance in gear defect monitoring is presented in this paper through three case
studies. In all the three case studies, SER of 2XGMF were found to be more sensitive than
1XGMF towards gear defect progression.
ã 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
1. Introduction
Gearbox failure is one of the highest risk events in wind turbines [1]. In most of the wind turbines, planetary gearboxes are
preferred over conventional gearboxes due to their advantages [2]. Gear defects in a planetary gearbox have been extremely
difﬁcult to detect and track at an early stage. The present study showcases the application of SER in gear defect monitoring for
wind turbine gearboxes.
2. Literature survey on various condition monitoring techniques for wind turbine gearboxes
Hanna et al. [3] investigated the signiﬁcance of SER in detection of gear tooth defects. For gear damage detection, the
sideband distributions were used to estimate the gear meshing condition and SER was used to qualitatively evaluate the
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turbine gearboxes has been carried out by Mengyan Nie et al. [4] and stressed the importance of advanced signal
processing techniques and data mining strategies. Hameed Z et al. [5] made an attempt to review maximum approaches
related to Condition Monitoring of wind turbines. Pierre Tchakoua et al. [6] provided a general review and classiﬁcation of
wind turbine condition monitoring (WTCM) methods and techniques with a focus on trends and future challenges. C.Hatch
[7] stressed the importance of Acceleration enveloping technique in wind turbine condition monitoring. Wei Teng et al. [8]
found out that Empirical Mode Decomposition is a more powerful technique than conventional demodulation techniques
using Hilbert transform for identiﬁcation of gear pitting failures in a wind turbine gearbox. James C. Robinson [9] found
that analysis of stress waves proved to be an effective diagnostic tool for fault detection and severity assessment in
gearboxes. Shawki Abouel-seoud et al. [10] through experimental studies found that Root Mean Square (RMS) value
analysis could be a good indicator for early detection and characterization of faults.
3. Sideband energy ratio (SER) technique
The vibration of the machine is a physical motion. Vibration Transducers convert this motion into an electrical signal. The
electrical signal is then passed on to analyzers. The analyzers then process this signal to give the Fast Fourier Transform [FFT].
The most widely used conventional analysis in the frequency domain is the spectrum analysis using FFT. The most commonly
used tool in spectrum analysis is power spectrum which is a positive real function of a frequency variable associated with a
stationary stochastic process, or a deterministic function of time, which has dimensions of power per hertz (Hz), or energy
per hertz, which is often called simply the spectrum of the signal. Intuitively, the spectral density measures the frequency
content of a stochastic process and helps identify periodicities. In this paper, frequency-domain analysis is utilized for
calculation of SER. Theory behind calculation of SER is explained in this section.
3.1. Calculation of SER
3.1.1. Modulations
Modulations, frequently seen in vibration measurements on gearboxes are caused by eccentricities, varying gear-tooth
spacing, pitch errors, varying load, etc. [11]. Sidebands appear in a spectrum around a center frequency and generally occur as
a result of modulation of that center frequency. A damaged gear within the gearbox can cause this phenomenon because the
damaged tooth will produce modulations (Combination of Amplitude and Frequency modulations) of its associated GMF
each time it passes through the mesh. That modulation occurs once per revolution of the shaft that the damaged gear is
mounted on. When viewed in a spectrum, this modulation shows up as a series of spectrum lines at evenly spaced
frequencies on either side of the Center Mesh Frequency (CMF). These sidebands occur at frequencies of vGM n (vS), where
vGM is the associated gear mesh frequency, ‘n’ is an integer of 1 or higher (although we only use n = 1–6 in the SER
calculations [3]) and is the rotational frequency of the shaft with the damaged gear.
SER are calculated by summing up the amplitudes of the ﬁrst six sideband amplitude peaks on either side of CMF and
dividing by the amplitude of CMF [3].
SER ¼
S
6
n¼1
Sideband Amplituden
  !
CMF amplitude
(1)
The assessment of SER as gear health monitoring parameter is evaluated from three case studies,
 Case study #1 Broken HS Pinion tooth in a 3MW gearbox,
 Case study #2HS Gear wheel pitting in a 2MW gearbox and
 Case study #3 IS Pinion Tooth Crack in a 1.8MW gearbox.
Gearbox test set up, Condition Monitoring System (CMS) setup, Data collection, GMF Calculations, Analysis & Results are
covered in the following sections.
4. Test setup
The Reliability test is performed to verify the reliability of the gearbox. The testing methodology is based on transferring
the stressors (load, speed, gradients of Torque and speed, etc.) from the WTG operation to the test rig modes. The reliability
test period is about nine months, which is equivalent to twenty years life of Gearbox at ﬁeld operating conditions.
Fig. 1 shows the general arrangement of gearbox test stand. The test rig can be controlled at either constant or variable
speed, depending on the user’s requirements. The test bench contains a drive arrangement comprising motor and a slave
gearbox (step down), which drives the “gearbox (step up) under test or master gearbox”. This master gearbox is then coupled
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(simulated as per ﬁeld turbine operating conditions) load to the gearbox under test.
4.1. CMS setup
Bruel & Kjaer Vibro (BKV) accelerometers [13] have been mounted in strategic locations on the gearbox to monitor each
gear mesh. All are piezo electric, BKV AS 062 [12] general purpose accelerometers with a sensitivity of 100 mV/g, resonance
frequency >20 kHz and accuracy of sensitivity  3 dB within the range of 1.5 Hz–13 kHz. The raw time waveforms from each
sensor were synchronously (at same time) sampled so that the sampling frequency tracks change in speed. This technique
produces narrow spectral lines of speed-dependent frequencies, like gear mesh frequencies and associated sidebands for
variable speed machines. Hanning window is used for FFT processing.
4.2. Data collection
The Data acquisition software is instructed to collect Vibration data once in ten minutes interval throughout the test. The
vibration data are analyzed using BKV WTG analyzer condition monitoring Software [14]. For all the case studies, the
Vibration Analysis and comparisons were carried out under the steady state operating conditions:
 Normal Operating speed (Refer individual case studies for exact speed and Torque)
 170% of the Nominal load (Maximum feasible Torque levels as per design factor to accelerate life of the gearbox)
5. Calculation of GMF and shaft speeds
Following equations are used for Calculations of Gearbox shaft speeds and GMF for a 3MW gearbox [15]
Planetary stage
PS = (RS CS)  (RT/PT) (2)
GMF = PT PS (3)
Gear Ratio = 1 + (RT/ST) (4)
SS = PS  Gear Ratio (5)
Parallel stage
Fig. 1. Schematic arrangement of gearbox test stand.
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where, PS—Planet speed; RS—Ring gear speed; CS—Carrier speed; SS—Sun gear speed; RT—Ring gear Teeth; PT—Planet gear
Teeth; ST—Sun gear Teeth; T—Gear Teeth; S—Gear speed.
6. Case study #1: broken HS pinion tooth in a 3MW gearbox
The conﬁguration of a 3MW gearbox is a three-stage, two planetary and one parallel stage with ratio 1:112.63 (Step-up).
Nominal HSS speed is 1450 RPM and Nominal Torque at HSS is 34 kN-m. High speed pinion tooth ﬂank failure occurred during
the test. The Root cause failure analysis (RCFA) revealed the problem being inclusion of Aluminum oxide during the gear
manufacturing process. Analysis, results and discussions explain the vibration behavior between failure initiation and potential
failure.
6.1. Analysis, results and discussions for case study#1
GMF and shaft speeds of all the three stages are presented in Table 1 and are used appropriately in this section.
Signiﬁcance of SER of a healthy and faulty gear mesh due to broken gear tooth is explained quantitatively using relevant
reference plots in this section.
6.1.1. SER of a Healthy Gear Mesh at HS Rotor End Vertical direction
Fig. 2 is a FFT spectrum with a frequency range of 500–2200 Hz and resolution of 0.5 Hz. It reveals that SER of 1XGMF is
0.25 and 2XGMF is 0.78 for a healthy gear mesh.
6.1.2. SER of a Faulty Gear Mesh at HS Rotor End Vertical direction
Fig. 3 is a FFT spectrum with a frequency range of 500–2200 Hz with a frequency resolution of 0.5 Hz. 2XGMF of HS with
well-formed sidebands spaced at HSS running speed indicating HS pinion damage. SER of 1XGMF is 3.04 and 2XGMF is 6.35,
which is a signiﬁcant increase compared with healthy gear mesh SER.
Table 1
Summary of the gearbox shaft speeds and GMF of 3MW gearbox.
Description No of teeth RPM RPS (Hz) Stage
Carrier (Input) – 13.24 0.22 Low Speed Planetary stage (LSP)
Ring Gear (Stationary) 93 0.00 0.00
Planet 35 35.17 0.59 (opposite direction)
Sun Pinion (Output) 23 66.76 1.11
Ring Gear (Stationary) 118 0.00 0.00 Intermediate Speed Planetary stage (ISP)
Planet 47 167.62 2.79
Sun Pinion (Output) 23 409.30 6.82
Gear Wheel 102 409.30 6.82 High Speed stage (HS)
Output Pinion 28 1491.01 24.85
Gear Ratio of LSP – 5.0435
Gear Ratio of ISP – 6.1304
Gear Ratio of HS – 3.6428
GMF and its harmonics LSP in Hz ISP in Hz HS in Hz
1XGMF 20.5186 131.3036 695.8028
2XGMF 41.0372 262.6073 1391.6057
3XGMF 61.5558 393.9109 2087.4085Fig. 2. SER of a healthy gear.
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In Fig. 4, X, Y and Z-axes represent frequency in Hz, vibration acceleration amplitude in m/s2 and time period in date &
time respectively.
It reveals the growth of number of sidebands around 1X & 2XGMF and harmonics of sidebands over a period of time which
quantitatively indicates the gear fault progression from gear defect initiation to failure.
In Fig. 5, X-axis and Y-axis represents Sample # and SER values respectively. Sample# represents CMS data ﬁles (chosen
with necessary care to represent the fault progression) at same operating conditions used for SER trend comparison. The SER
of 2XGMF is compared with SER of 1XGMF. SER of 2XGMF has signiﬁcantly increased towards end of the gear failure. Fig. 6
shows a picture of Broken HS pinion Tooth.
Fig. 3. SER of a faulty gear.Fig. 4. 3-d Vibration spectra waterfall plot at HS rotor end vertical direction.
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Gearbox in this case study is a three-stage, one planetary and two parallel stage, helical unit with gear ratio 1:112.24
(Step-up). Nominal HSS speed is 1680 RPM and Nominal Torque at HSS is 19.5 kN-m. Routine Endoscope inspection at regular
periodic intervals revealed the pitting progression of the gears increasing over a period of time. RCFA revealed the possible
cause being wrong quenching method leading to quenching distortion. Analysis, results and discussions explain the
vibration behavior between failure initiation and potential failure.Calculation of Gearbox shaft speeds and GMF of a 2MW
gearbox are performed in a similar way as in Table 1 and the results are tabulated in Table 2.
7.1. Analysis, results and discussions for case study #2
GMF and shaft speeds presented in Table 2 and are used appropriately in this section. Increase in SER proportionate to gear
pitting fault progression is explained quantitatively using relevant reference plots in this section.
Fig. 5. SER trend plot.
Fig. 6. Broken HS pinion tooth.
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Fig. 7 is the FFT spectrum at HS Rotor End vertical direction. Frequency resolution used is 0.5 Hz. It reveals that SER of
1XGMF is 0.23 and 2XGMF is 0.44 for a healthy gear mesh.
7.1.2. SER of a faulty gear mesh at HS rotor end vertical direction
Fig. 8 is the FFT Spectrum with a resolution of 0.5 Hz, showing 1XGMF of HS and its harmonics with sidebands spaced at
HSS running speed indicating HS gear defects. SER of 1XGMF is 0.352 and 2XGMF is 0.51, which is not a signiﬁcant increase
compared with healthy gear mesh SER, due to pitting formation being uniformly spread in all the teeth.
7.1.3. Vibration trend plots
In Fig. 9, X, Y and Z-axes represent frequency in Hz, vibration acceleration amplitude in m/s2 and time period in date &
time respectively. As shown in ﬁgure, there is no signiﬁcant increase in SER around 1X & 2XGMF until pitting failure.
Table 2
Summary of the gearbox shaft speeds and gear mesh frequencies of 2MW gearbox.
Description No of teeth RPM Hz Stage
Carrier (input) 14.91 0.249 Planetary stage (P)
Ring gear (stationary) 92 0 0
Planet 36 38.28 0.638
Sun pinion (Output) 19 87.48 1.458
Gear wheel 90 87.48 1.458 Intermediate speed stage (IS)
Output pinion 23 342 5.7
Gear wheel 108 342 5.7 HS
Output pinion 22 1680 28
Gear ratio of P 5.84
Gear ratio of IS 3.91
Gear ratio of HS 4.91
GMF and its harmonics P in Hz IS in Hz HS in Hz
1XGMF 22.96 131.1 615.6
2XGMF 45.93 262.2 1231.2
3XGMF 68.9 393.3 1846.8
Fig. 7. SER of a healthy gear.Fig. 8. SER of a faulty gear.
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1XGMF. SER of 2XGMF is relatively higher than that of 1XGMF. Fig. 11 shows a picture of gear wheel pitting at HS.
Fig. 9. 3-d vibration spectra waterfall plot at HS rotor end vertical direction.Fig. 10. SER trend plot.
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Gearbox in this case study is a three-stage, one planetary and two parallel stage, helical unit conﬁguration with gear ratio
1:112.24 (Step-up). Nominal HSS speed is 1553 RPM and Nominal Torque at HSS is 19 kN-m. Intermediate pinion tooth crack
occurred at fag end of the test due to fatigue failure.
9. Analysis, Results and discussions for case study #3
GMF and shaft speeds presented in Table 3 and are used appropriately in this section.
9.1. SER of a healthy gear mesh at IS non rotor end axial direction
Fig.12 is a FFT spectrum of a healthy gear mesh with frequency range of 50–500 Hz and resolution of 0.5 Hz. SER of 1XGMF
is 0.45 and 2XGMF is 1.31.
Fig. 11. HS gear failure due to pitting.
Table 3
Summary of the gearbox shaft speeds and GMF of 1.8 MW gearbox.
Description No of teeth RPM Hz Stage
Carrier (input) 14.94 0.25 P
Ring gear (stationary) 95 0.00 0.00
Planet 37 38.34 0.64
Sun pinion (output) 19 89.58 1.493
Gear wheel 84 89.58 1.493 IS
Output pinion 22 342.06 5.70
Gear wheel 109 342.06 5.70 HS
Pinion (output) 24 1553.40 25.89
Gear ratio of P 6.00
Gear ratio of IS 3.8100
Gear ratio of HS 4.5400
GMF and its harmonics P in Hz IS in Hz HS in Hz
1XGMF 23.65 125.4121 621.3600
2XGMF 47.30 250.82 1242.72
3XGMF 70.95 376.24 1864.08Fig. 12. SER of a healthy gear.
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Fig. 13 reveals FFT Spectrum showing 1XGMF of IS and its harmonics with sidebands spaced at IMS running speed
indicating IS pinion damage. SER of 1XGMF is 5.07 and 2XGMF is 5.10 for a faulty gear mesh with IS gear with tooth crack.
There is a signiﬁcant increase in SER compared to a healthy gear mesh SER.
9.3. SER Trend plot
In Fig. 14 X-axis and Y-axis represents Sample # and SER values respectively. The SER of 1XGMF is compared with SER of
2XGMF. The SER of 2XGMF is slightly higher than SER of 1XGMF.
Fig. 15 shows a picture of tooth damage present on an IS pinion. Similar to Fig. 6 in case study#1, the vibration spectra
waterfall plot for case study#3 also revealed gradual increase in SER around 2XGMF indicating the progression of IS pinion
fault quantitatively.
Fig. 13. SER of a faulty gear.Fig. 14. SER trend Plot.
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In this paper, three typical examples of gear faults for wind turbine gearboxes were presented as case studies. They
provided an overview of the signiﬁcance of SER as a gear health condition indicator. The capture, analysis and trending of SER,
which accompanied many classes of gear faults has proven to be an effective diagnostic tool for gear fault detection and
severity assessment in wind turbine gearboxes.
Case study #1 and Case study #3 reveals that SER was a reliable defect monitoring parameter for tracking gear defect
progression in broken gear tooth failure and gear tooth crack respectively. The proportional increase in SER with gear defect
progression was clearly visible (Fig. 4). The SER was found to be less than 1.5 for healthy gear mesh and more than 3.0 for
faulty gear mesh for broken tooth and tooth crack examples as indicated in Case study #1 and Case study #3. In Case study
#2, SER was found to be less sensitive towards gear pitting progression due to uniform spread out of pitting formation on all
the teeth. SER of 2XGMF were found to be more sensitive than 1XGMF towards gear defects progression in all the three case
studies.
The future work is planned at developing an algorithm to publish a gear health severity factor based on the combination
of “SER and change of statistical vibration acceleration peak value from healthy to faulty condition” for improved gear health
monitoring and gear fault detection.
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